 (Occup Environ Med 1998;55:13-17) 
There is now a growing recognition that air pollution, and more specifically ozone, has adverse health eVects. 1 2 Several investigators have studied pulmonary function relative to ozone and exercise. Most of these studies were conducted under controlled laboratory conditions. [3] [4] [5] After exposure to diVerent ozone concentrations (160-400 µg/m 3 ) lung function decreased [3] [4] [5] and lower respiratory tract symptoms increased. 4 Low levels of ambient ozone on respiratory eVects have been studied before in amateur cyclists. The diVerence between lung function before and after exercise was negatively related to ozone concentrations during exercise. Shortness of breath, chest tightness, and wheeze were increased after exposure to ozone. 6 A possible mechanism for decrements in lung function after exposure to ozone is its oxidant role, inducing direct and indirect injury to lung tissues by attracting inflammatory cells. Antioxidants such as provitamin -carotene and vitamins E and C, can possibly modulate the reactivity of oxidants by reacting with them before they injure the lung tissue. 7 Few laboratory studies have investigated this hypothesis, suggesting a protective role for vitamin C and a combination of vitamins C and E, 8 but not for vitamin E alone. 9 As all studies were performed under laboratory conditions, it is unknown whether antioxidants can play a part in the respiratory health eVects of ambient ozone in healthy adults. We explored this hypothesis in a small study measuring lung function among amateur cyclists with and without supplementation of antioxidants during summer.
Methods

STUDY DESIGN
Two amateur cycling clubs in Ede and Arnhem, both located in the east of The Netherlands, were asked to participate in the study. From 28 June until 1 September 1994 lung function was measured in each subject before and after each training session or competitive race on several occasions. All training sessions and races took place in rural areas. There were no large industrial areas or cities in the surroundings. Ozone concentration data were obtained from the nearest station (Wageningen, Loenen) measured by the national air quality monitoring network operated by the National Institute of Public Health and the Environment (RIVM) in Bilthoven. Training sessions and races took place in the late afternoon and early evening when ozone concentrations tend to peak. The exact times were recorded for each participant to calculate the individual exposure to ozone (eight hour mean ozone concentration before the end of exercise) and to calculate the duration of exercise. Meteorological data were obtained from the nearest station (Deelen) operated by the Royal Netherlands Meteorological Institute (KNMI) at the Bilt.
STUDY POPULATION
From 29 volunteers, 23 subjects were randomly assigned to the supplementation or control group. Five subjects were directly allocated to the control group, as they refused to take any supplementation or entered the study half way through. One subject who regularly took vitamin and mineral supplements and refused to stop was allocated to the supplementation group. At the beginning of the study, subjects completed a questionnaire about chronic respiratory symptoms and other relevant characteristics.
SUPPLEMENTATION
The supplementation group received 650 mg vitamin C, 75 mg vitamin E, and 15 mg of -carotene daily starting one week before the measurements started for 70 days (JuneSeptember). This supplementation was commercially available in two diVerent pills. The control group did not receive a placebo. Before and after supplementation plasma was collected as a marker of compliance.
MEASUREMENTS
Blood specimens were collected in ethylene diamine tetra-acetic acid (EDTA) vacutainer tubes, stored in a box on ice, and centrifuged within five hours to obtain plasma. Aliquots were then stored at −80°C until analyses. Concentrations of -tocopherol and -carotene were measured by high performance liquid chromatography (HPLC) together in one run. The column was a prepackaged 25 cm × 4.6 mm Vydac 201TP54, C 18 300 Å (Hesperia, CA, USA). Detection after separation was performed by two ultraviolet (UV) detectors, one for determination of retinol and carotenoids (UV2000) at wave lengths of 325, 450, and 470 nm. The second detector (UV1000) was used for determination of the tocopherols at wave lengths of 325 nm and 292 nm.
For compliance with exertion, continuous heart rate was measured with Polar sport testers (Polar Electro, Finland). This was measured on several diVerent occasions in all subjects during training and races. The volumes of inhaled air were estimated with heart rates in the equations of the study of Colucci. 10 Lung function was measured before and after cycling with spirometry. All lung functions tests were conducted indoors at most 30 minutes before and 10 to 60 minutes after the exercise. Measurements were performed according to the ECCS guidelines. 11 The subject was seated in an upright posture, with a fixed mouthpiece adjusted for height of each person and without a noseclip. For each measurement, subjects had to perform at least three technically acceptable and reproducible forced manoeuvres (according to ECCS 1983 criteria) with Vicatest 5 dry rolling seal spirometers. These spirometers were coupled to a microcomputer for storage of the data. Data handling was according to the ECCS guidelines. 11 The spirometers had no internal temperature sensor; however, room temperature was recorded at all times. For logistic reasons, spirometers were brought into the rooms (local clubrooms with low ceilings) shortly before the preexercise measurement started. We therefore had no opportunity to control indoor conditions and high temperatures (>30ºC) that occurred regularly in these places. The air in the spirometer bell may not have adapted to the air temperature in the clubrooms on hot days when pre-exercise tests were performed, which may have resulted in an underestimation of the pre-exercise lung function. 12 For this reason we focused the analyses on the postexercise lung function measurements which were conducted after the spirometers had been in the clubrooms for several hours.
DATA ANALYSIS
Before data analyses, the maximum value of three manoeuvres of each measurement was calculated for each subject for each of the following lung function variables: forced expiratory volume in one second (FEV 1 ), forced vital capacity (FVC), peak expiratory flow (PEF), and maximal mid-expiratory flow (MMEF). At the end of the study, a range of four to 14 observations was available for each subject-that is, lung function measurements after exercise. Subjects with a range in exposure to ozone of <50 µg/m 3 (n=3) were excluded from analyses because their estimated regression coeYcients would be highly unstable. Individual regression analyses were performed in each subject with the SAS PROC REG procedure 13 with a lung function variable after exercise (FEV 1 , FVC, PEF, or MMEF) as the dependent variable and with the previous eight hour mean ozone concentration as the independent variable. The resulting regression coeYcients for each subject were pooled and group means (SEMs), medians, and means which were weighted with the inverse of the variance were calculated for the control and supplementation group. The eVect of supplementation with a 95% confidence interval (95% CI) was calculated as the diVerence between the mean regression coeYcient of the supplementation and control group. Ambient temperature, NO 2 , and concentrations of particulate matter with mean diameter of 10 µm (PM 10 ) were considered as confounding factors.
Results
A total of 26 respondents (n=14 in control group) contributed with 192 observations to the data analyses. The mean age of the respondents was 27.5 years and did not diVer between the two study groups (table 1) . Three participants were women. In the control group, one subject was a current smoker and two reported a pollen allergy diagnosed by a doctor. In the supplementation group more subjects reported having respiratory symptoms and allergy than in the control group. One subject reported having had attacks of chest tightness diagnosed by a doctor; another subject reported shortness of breath when walking at normal pace, and one subject reported coughing up phlegm almost every day for three months in the past two years. Two subjects reported an allergy to pets and house dust mites, and four others an allergy to pollen, all diagnosed by a doctor. Table 1 
Plasma at the beginning and at the end of the study was collected from 11 study subjects and nine controls. The supplementation group had higher baseline concentrations of -carotene and -tocopherol than the control group (table  2) . Individual changes of plasma concentrations of -carotene and -tocopherol were used as a marker of compliance. The supplementation group had a significantly higher increase in -carotene and -tocopherol than did the control group, as expected (table 2) . Table 3 presents the median and weighted mean regression coeYcients after exercise of FVC, FEV 1 , PEF, and MMEF with eight hour mean ozone concentration for the control and supplementation group. Median coeYcients were more negative, except for MMEF, for the control group than for the supplementation group, indicating a decrease in lung function at higher ozone concentrations in the control group. After weighting the individual regression coeYcients with the inverse of the variance, mean coeYcients of FVC, FEV 1 , and PEF were more negative than medians in the control group. The MMEF was not associated with ozone. For the supplementation group, none of the lung function variables were associated with ozone concentrations. The weighted mean regression coeYcients of FVC imply that a diVerence in exposure of 100 µg/m 3 ozone would decrease FVC by 183 ml in the control group and increase FVC by 25 ml in the vitamin group. The diVerence between the two groups was significant for FVC, FEV 1 , and PEF. There was no significant diVerence between the study groups for MMEF.
The Pearson correlation coeYcient for ozone with eight hour mean ambient temperature was 0.93. Conventional adjustment for temperature was problematic because of this high correlation. Restricting the data to lower ambient temperatures was diYcult to interpret because of the remaining few observationsthat is, <40% of the total observations. Adjustment for NO 2 as an independent variable in the model did not change the estimated regression coeYcients of ozone on lung function. Adjustment for PM 10 also did not change the regression coeYcients of ozone on lung function.
Discussion
The results of this study suggest that antioxidant supplementation might protect against acute ozone eVects on lung function (in particular for FVC, FEV 1, and PEF).
We also considered an additional regression analysis on all measurements on all subjects. After adjustment for trend, the regression coefficients of FEV 1 ( =−0.29 ml/µg/m 3 in the control group and =−0.18 in the vitamin group) and FVC ( =−0.92 in the control group and =−0.0014 in the vitamin group) were comparable with the medians of the regression coeYcients (table 3) . The diVerence between the control and supplementation group was significant for FVC. The unadjusted regression coefficients for PEF and MMEF were also comparable with the presented medians. So, the results were similar, independent of the method of analysis, with a more negative regression coeYcient in the control group than the supplementation group.
Adjustment of ambient temperature as a possible confounder was diYcult because of the very high correlation with ozone. Ambient temperature is, however, not such an influential confounder, as indicated by other studies. 6 14 15 Experimental studies showed some ozone eVects with very high temperatures (>35°C) and high ozone concentrations (>600 µg/m 3 ). 14 15 Brunekreef and coworkers 6 also found no temperature eVect under ambient conditions with an average temperature of 18°C.
Adjustment for PM 10 did not change the results. Hoek et al 16 also did not find an eVect of low concentrations of PM 10 on the relation between ozone and lung function during a summer in The Netherlands. Adjustment for NO 2 concentrations did also not change the results. This could be expected as eight hour mean NO 2 concentrations were low during that summer with a mean of 23 µg/m 3 and a range of 4-60 µg/m 3 . Also, NO 2 concentrations were not associated with the lung function variables (data not shown).
More subjects with respiratory symptoms and allergies were present in the supplementation group. This suggests that randomisation was not completely successful. However, the results were probably not aVected because several other studies indicated that there was no diVerence in acute eVects of ozone between groups with or without respiratory symptoms or allergies. 2 16 Baseline plasma concentrations of -carotene and -tocopherol were higher in the supplementation group, which could be explained by three subjects in the supplementation group who used habitual vitamin supplementation at the start of the study. Two of the subjects stopped taking extra supplementation during the study and were randomly assigned to the supplementation group. Excluding all three subjects from analyses resulted in similar regression coeYcients for the supplementation group, which implies that results were not aVected by these three subjects.
-Tocopherol and -carotene in plasma were measured partly to investigate group compliance. The increases in this study were comparable with other supplementation studies. [17] [18] [19] However, comparison can only be rough because duration and amount of supplementation diVer between the studies. -Carotene and -tocopherol were combined in one capsule. Therefore, if subjects in the supplementation group had a low increase in both antioxidants this would suggest that compliance was not complete. Although the range in individual increases in the supplementation group was large (9%-95% for -tocopherol; 10%-345% for -carotene), possibly due to individual variation in absorption of the antioxidants, there was no subject in this group who had a small increase in both antioxidants.
The control group did not receive a placebo, so the study was not blinded. It is unlikely that this could have aVected the results. Both researcher and subject were not aware of the ozone concentrations at the moment of lung function measurements and therefore anticipation of the eVect was not possible.
The mechanism by which ozone induces decrements in acute pulmonary function has been under discussion. Inflammatory cells increase within one hour after exposure, but reach a maximum six hours after exposure. This increase does not correlate well with the measured decrements in acute pulmonary function after exposure to ozone. 20 The current hypothesis for the acute decrements in lung function is a reduction of maximal inspiratory capacity through stimulation of the neural receptors in the upper airways. 1 21 These receptors are stimulated by cyclo-oxygenase products of arachidonic acid which are released on exposure to ozone. 21 Vitamins C and E have been shown to aVect the arachidonic acid metabolism, but the role of antioxidants in this mechanism is not fully understood. 8 22 23 In summary, this study suggests that one or more of the antioxidants (vitamins C, E, and -carotene) may modulate the acute eVects of ozone on lung function. Randomised placebo controlled studies with more subjects and more observations per subject are necessary to increase the precision and confirm the validity of the findings.
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